The effects of reproduction and maternal investment (i.e., milk transfer) on trace element levels remain poorly understood in marine mammals. We examined the blood dynamics of mercury (Hg) and selenium (Se) during lactation in the northern elephant seal (Mirounga angustirostris), a top predator from the North Pacific Ocean. Total Hg and Se levels were measured in whole blood and milk of 10 motherepup pairs on days 5 and 22 of lactation. Both Hg and Se were transferred to offspring through the milk. Results suggested that the maternal transfer of Se was prominent during lactation, whereas the Hg transfer was larger during gestation. The lactation period affected Hg and Se levels in the blood of elephant seal mothers and pups. Physiological processes and their relationship to body condition should be considered carefully when interpreting trace element levels in the framework of biomonitoring.
Introduction
Marine mammals have been used as sentinel species of pollution in the marine environment (Bossart, 2006) . As long-lived top predators in the trophic network, marine mammals accumulate high levels of chemicals such as organochlorines (Debier et al., 2006 (Debier et al., , 2003 and trace elements (Das et al., 2003) . Several exposure pathways for the uptake of trace elements in marine mammals may occur (Table 1) , but many studies suggest that diet constitutes the main pathway of exposure (Das et al., 2003; Dehn et al., 2006) . In addition, pollutant concentrations in marine mammals vary as a function of age, body condition, and diet selection, among other things (Caurant et al., 1994; Das et al., 2003) (Table 1) .
Mercury (Hg) contamination has received much attention in human and animal studies. It enters the aquatic food web, where it both biomagnifies and bioaccumulates. Both organic and inorganic forms of Hg are toxic because of their high affinity for thiolcontaining enzymes and proteins. However, they exhibit distinct toxicity because of different patterns of uptake and organ distribution (Gallagher and Lee, 1980) . The most neurotoxic form of Hg that can be found in animals is the organic form, methylmercury e MeHg (Khan and Wang, 2009 ). Consuming fish elevated in MeHg causes adverse health effects ranging from neurodevelopmental deficits in offspring to increased risk of myocardial infarction in adults (Khan and Wang, 2009; National Research Council, 2000; Sunderland et al., 2009) .
Unlike Hg, which has no known function in mammals, Se is an essential element. It functions through selenoproteins such as glutathione peroxidase (Dorea, 2002) , and protects animals from the toxicity of both inorganic Hg and MeHg (Khan and Wang, 2009 ). In higher-trophic marine animals, demethylation processes of MeHg are known to occur in the liver with a subsequent formation of HgSe granules (tiemannite), explaining the 1:1 M ratio of Se and Hg observed in these animals (Cuvin-Aralar and Furness, 1991; Koeman et al., 1973; Nigro and Leonzio, 1996) . The biomineral HgSe is assumed to be an inert end-product of the detoxification pathway (Martoja and Berry, 1980) . The formation of an equimolar (HgSe) n polymer that is bound to the plasma selenoprotein P (Sel P) was found in the bloodstream and identified (Yoneda and Suzuki, 1997) . This (HgSe)eSel P is thought to also be a precursor of the crystalline HgSe (Ikemoto et al., 2004) . Selenium is beneficial at lower concentrations, but it becomes toxic at higher concentrations (Dumont et al., 2006; Janz et al., 2010; Kim and Mahan, 2001) , and the range between deficiency, essentiality, and toxicity is very narrow. Marine mammals do not appear to be as sensitive to dietary organic Se exposure as fish or birds, but no data concerning the ratio between essentiality and toxicity exist for wild aquatic mammalian species (Janz et al., 2010) .
Evaluation of current contaminant effects on a wild marine mammal population requires samples collected from living animals (Bryan et al., 2007; Griesel et al., 2008) . Accessible samples from free-ranging marine mammals are generally limited to blood, fur/hair, skin biopsies, saliva, and feces (Andrade et al., 2007; Fossi and Marsili, 1997; Griesel et al., 2008; Stavros et al., 2008a) . Blood from free-ranging marine mammals has become increasingly used in determining baseline levels of trace elements (Brookens et al., 2007; Bryan et al., 2007; Das et al., 2008; Gray et al., 2008; Griesel et al., 2008; Kakuschke et al., 2005; Nielsen et al., 2000; Stavros et al., 2008a; Woshner et al., 2008) . Their concentrations found in blood may be useful in comparing contaminant exposure to humans and other mammals. Although contaminant concentrations in blood and skin relate to the total body burden (Bryan et al., 2007; Monaci et al., 1998) , blood may also reflect the current exposure or remobilization. Little is known about the effects of the nutritional and physiological status (e.g., fasting, gestation, lactation or molting) on trace element levels in marine mammals. Further, the dynamics of tissue-specific trace elements modulated by these processes are yet to be determined. These processes need to be considered when trace element concentrations in blood are compared between individuals and over different sampling periods (Gray et al., 2008) . Knowledge about the maternal transfer of metals to offspring is also very limited in marine mammals. Previous studies showed that females may pass some trace elements to their offspring through the placenta (Lahaye et al., 2007; Storelli and Marcotrigiano, 2000; Wagemann et al., 1988; Yang et al., 2004 Yang et al., , 2008 . Nevertheless, the importance of how these modes of transfer occur to element dynamics remains to be seen (Woshner et al., 2008) . Trace element levels in the milk of marine mammals have only been reported once in harp seals, Pagophilus groenlandicus (Wagemann et al., 1988) , and in some single cases of other species (Caon et al., 2008; Frodello et al., 2002; Rosas and Lehti, 1996) .
In the present study, the blood dynamics of Hg and Se during lactation were investigated in the northern elephant seal (NES, Mirounga angustirostris), a top marine predator from the North Pacific Ocean. As in other pinnipeds, the NES come ashore to give birth and suckle their young. In addition, they mate and molt on land. During the breeding season, females give birth shortly after arrival at the rookery and nurse a single pup for an average of 24e28 days. They will then abruptly wean their pup and return to sea to forage (Le Boeuf and Laws, 1994) . They fast throughout the nursing period while secreting a fat-rich milk synthesized from their body reserves (Le Boeuf and Laws, 1994) . Lactating females may lose more than a third of their initial body mass during lactation, up to 60% of their body fat and 25% of their body protein (Crocker et al., 2001) . Meanwhile, the pups gain around 90 kg during the suckling period (Crocker et al., 2001 ). This intense and short period is thus characterized by an important mass transfer between the mother and the pup, without further external uptake of Hg and Se (from food or water). This life history feature of the NES makes it an excellent 'model' in which to study the effects of reproduction and maternal investment (i.e., milk transfer) on the levels of trace elements in marine mammals. This work presents a first longitudinal study on ten motherepup pairs of northern elephant seals. Objectives of the current study were to: 1) quantify and describe the dynamics of total Hg (THg) and Se in blood and milk during lactation; and 2) study the maternal transfer of THg and Se to offspring via nursing. The dietary indicators, such as carbon and nitrogen stable isotopes, have been analyzed in these same NES samples in a previous study (Habran et al., 2010) . These dietary indicators were related to maternal THg and Se levels.
Materials and methods

Field techniques
This study was conducted at Año Nuevo State Reserve, California, USA (37 06 0 30 00 N, 122 20 0 10 00 W), during the 2005 breeding season (JanuaryeFebruary). Ten motherepup pairs were captured on day 5 of lactation (early lactation) and recaptured on day 22 of lactation (late lactation). Whole blood samples were collected at each capture from the extradural vein in VacutainerÔ red top serum tubes. Milk was expressed from the teat using a clean cut-off syringe and was transferred to 15 ml plastic tubes. Animal-handling and sample-collection methods are described in Habran et al. (2010) . At each capture, the length and mass of both mother and pup were, respectively, measured using a standard measuring tape, and weighed using a scale (capacity 1000 AE 1 kg and 500 AE 0.2 kg) suspended from a tripod. The pup's sex was determined. Biometric data on the motherepup pairs are summarized in Table 2 . Whole blood and milk samples were kept on ice in the field (at 4 C) and then stored at À20 C in the laboratory until analysis.
Hg and Se analyses
The samples of whole blood and milk were thawed and homogenized. Aliquots of 1 ml blood and milk were accurately weighted to the nearest 0.1 mg and were subjected to microwave-assisted digestion in TeflonÔ vessels with 4 ml HNO 3 (65%), 1 ml H 2 O 2 (30%) and 2 ml of 18.2 MU-cm deionized water. After cooling, samples were diluted to 50 ml with 18.2 MU-cm deionized water in a volumetric flask. Total Hg (THg) levels were measured by atomic absorption spectroscopy (DMA-80, Direct Mercury Analyzer, Milestone). The method has been validated for digested matrices using US EPA Method 7473. Quality assurance methods included evaluation by measuring blanks, duplicates, and certified reference materials (CRMs) e DORM-2 and DOLT-3 (National Research Council, Canada) with every 10 samples. Recovery of THg in CRMs ranged from 92% to 106%, averaging 98 AE 3%. Se levels were determined by inductively coupled plasma mass spectroscopy (ICP-MS, PerkinElmer, Recovery of Se in CRMs ranged from 85% to 100%, averaging 90 AE 5%. The method detection limits (MDL) for THg and Se were 1 ppb and 0.166 ppb, respectively. All samples were above the MDL. Reported concentrations for both elements are expressed on a wet weight basis in ng/g. Note that throughout the text, 'blood' refers to whole blood.
Statistical analyses
A KolmogoroveSmirnov test was used to determine whether data departed from normality. The variables were normally distributed and parametric tests were used for statistical analyses. To evaluate changes in THg or Se levels during lactation in blood and milk, paired t-tests were used to compare means in early (day 5) and late (day 22) lactation. Analysis of variance (ANOVA) with repeated measures was used to determine equality of the THg or Se levels among the different tissues sampled. A test was carried out for each sampling (on days 5 and 22) and means were compared pairwise using planned comparisons. The BravaisePearson correlation coefficient was used to test correlations between the two variables. Statistical analysis of the data was performed using Statistica software (Statsoft Inc., version 7.1) with a ¼ 0.05. Results are presented as means AE standard deviation (S.D.).
Results
Comparison between early and late lactation
The mean THg and Se concentrations in blood and milk for early (day 5) and late (day 22) lactation are presented in Fig. 1 . All THg and Se concentrations in blood and milk differed significantly between day 5 and day 22 of lactation. In comparison with levels on day 5, maternal blood had higher THg levels on day 22 (308 vs. 593 ng/g ww, paired t-test; P < 0.001, n ¼ 10), while pup blood had lower THg levels on day 22 (166 vs. 77 ng/g ww, paired t-test; P < 0.001, n ¼ 9). Milk had higher THg levels in late lactation (24 vs. 35 ng/g ww, paired t-test; P ¼ 0.036, n ¼ 10). For Se, maternal and pup blood had higher levels on day 22 (1113 vs. 1179 and 488 vs. 1316 ng/g ww, paired t-test; P < 0.001, n ¼ 10 and 9, respectively). Milk had lower Se levels in late lactation (920 vs. 314 ng/g ww, paired t-test; P < 0.001, n ¼ 10). Correlations of values between day 5 and day 22 were significant only for THg and Se in maternal blood and for Se in pup blood (r ¼ 0.94, 0.99, and 0.85 respectively, for all P < 0.05).
Comparison and relationships between mother and offspring
THg levels were higher in maternal blood than in pup blood in early and late lactation (122e516 ng/g ww higher). Se levels were higher in maternal blood than in pup blood only in early lactation (632 ng/g ww higher). Both THg and Se levels differed significantly between blood and milk. Detailed results are given in Table 3 . Significant positive relationships between maternal and pup blood were observed only on day 22 for THg levels and on days 5 and 22 for Se levels (Table 3) . Fig. 1 . Mercury and selenium levels in blood and milk of northern elephant seals. THg (A) and Se (B) concentrations (mean AE SD; ng/g ww) in blood and milk of northern elephant seal mothers and pups on days 5 (light bars) and 22 (dark bars) of lactation. Different letters indicate significant difference in values between day 5 and day 22 (paired t-test) and between maternal blood, pup blood and milk (ANOVA with repeated measures and planned comparisons). * indicates significant correlation between levels measured on day 5 and day 22 (BravaisePearson correlation). 
HgeSe interaction
No significant relationship was observed between THg and Se levels in blood or milk. However in maternal blood, the increase rate of Se between day 5 and day 22 of lactation (Se D relative ) was significantly correlated with the increase rate of THg during lactation (THg D relative ) (r ¼ 0.80, P ¼ 0.005; Fig. 2 ). The molar ratio of Se and THg in maternal blood was quite steady during lactation (3e12), but it highly varied in pup blood (5e74) and milk (13e167) (Fig. 3) .
Influence of biometry and diet
We tested relationships between the dietary indicators deter- . No other relationships were observed between biometric parameters (mass, length, lactation duration) and either THg or Se levels in maternal blood, pup blood, and milk (results not shown).
Discussion
Northern elephant seal females produce energy-rich milk and its composition changes over lactation. The milk fat content rises during lactation from approximately 15% to 55%, while the water content falls from 75% to a level of 35% (Riedman and Ortiz, 1979) . Milk protein content remains fairly constant during lactation (around 12%, Crocker et al., 2001) . Detectable levels of THg were measured into the NES milk, and they rose from 24 to 35 ng/g ww between early and late lactation. Although the increasing Hg values in maternal blood might explain a higher Hg intake into the milk in late lactation, no relationship was found between maternal blood and milk (Table 3) . Besides, milk values estimated in dry weight basis showed a weaker increase in late lactation (48 and 52 ng/g dw on days 5 and 22, respectively). Milk appears well regulated and the mammary glands would exert an important role in restricting the transfer of Hg to milk (Dorea, 2004) . Levels of THg measured in harp seal milk (averaging 6.5 ng/g ww, Wagemann et al., 1988) were lower than in NES milk. Much higher THg levels have been found in some odontocete milk (Table 4) , but these values were measured in single stranded or accidentally caught individuals.
Neonate pups had high blood THg levels relative to their mothers and levels declined with the progression of lactation. This suggests that a high Hg transfer through the placenta occurred. As reported in previous studies (Brookens et al., 2007; Dorea, 2004) , the placenta plays a greater role in Hg transfer to offspring than does milk. This high Hg transfer during gestation raises the question of how Hg exposure affects the offspring during its most sensitive period of development. The main form of Hg transferred through the placenta, MeHg (Ask et al., 2002; Wagemann et al., 1988) , can affect the normal neuronal development and the immune system of offspring (National Research Council, 2000), potentially having consequences to future growth and fitness.
Blood THg levels in mothers and pups varied significantly during lactation. While maternal levels increased, pup levels were reduced by half between the beginning and the end of lactation. The pup mass quickly increases throughout the suckling period and becomes about 3e4 times that at birth. Consequently, the rapid increase in body volume, a progressive accumulation in expanding pup tissue compartments, and the limited Hg uptake from milk, likely caused the dilution in blood THg levels during lactation. Several studies have reported Hg in the lanugo (natal hair) of pinnipeds (from 1.25 to 14 ppm, Beckmen et al., 2002; Hyvärinen et al., 1998) . These relatively high THg values indicate the fetus is already able to 'excrete' Hg in utero effectively, concentrating Hg in the prenatal hair growth. NES pups molt early in the post-weaning fast. Consequently, production of the new pelage, probably beginning in the end of lactation, might contribute to the decreasing THg levels via Hg excretion in new hair.
Although gestation and lactation may allow Hg excretion for mothers, blood values showed increasing THg levels during lactation. Northern elephant seals, like several other true seal species, fast during lactation. Lactating and fasting females must thus meet both their own metabolic requirements and the nutrient requirements for milk production. Mobilization of energy reserves increases with the progression of lactation (Houser et al., 2007) , potentially increasing the release of Hg into the blood of the mothers. Moreover, the mothers underwent a substantial decrease of their blood volume linked to the mass lost over lactation (Hassrick et al., 2010) , also concentrating Hg into the blood.
The main part of Hg is bound to hemoglobin in the red blood cells (RBCs) (Ancora et al., 2002; Berglund et al., 2005) . Therefore, changes in hemoglobin concentration (or in hematocrit) can affect Hg levels measured in whole blood. In phocids, these hematological parameters, related to the oxygen storage and transport capacity, increase throughout the postnatal development to assure diving capabilities from pups to juveniles (Lewis et al., 2001; Noren et al., 2005; Thorson and Le Boeuf, 1994) . NES have longer postpartum terrestrial periods than other phocids, and the increase in blood parameters seems to occur after weaning (Lewis et al., 2001; Thorson and Le Boeuf, 1994) . No significant hemoglobin variation was observed between early and late lactation in mothers and pups, and between mother and pup at birth (Lewis et al., 2001) . Nevertheless, it would be interesting to include this parameter for the next studies when using whole blood in Hg measurements.
Selenium was found in substantial quantities in NES milk, especially in early lactation. The mammary-gland regulating mechanism controls the synthesis and secretion of Se compounds throughout lactation, with the highest amount of Se excreted in the beginning of lactation (Dumont et al., 2006) . In human milk, worldwide Se values range between 13 and 33 mg/l and variations in levels are mainly due to fluctuations in the Se intake via food (Dumont et al., 2006) . A decline of the Se secretion into the human milk also occurs during lactation, especially after the protein-rich colostrum is delivered (Dorea, 2002) . Information on Se in marine mammals is limited, but the same dynamics of Se during lactation was shown in pigs (Kim and Mahan, 2001) . Similar levels in blood and milk were observed from birth to weaning in sows and their offspring when organic or inorganic Se source was fed to the sows. At these blood levels, toxic effects were shown: organic Se seemed to express the selenotic effects more on reproductive performance during gestation, whereas inorganic Se was more detrimental to the nursing pig during lactation (Kim and Mahan, 2001) . Although marine mammals appear to be less sensitive to dietary organic Se exposure, little information exists about the Se toxicity in these animals (Janz et al., 2010) . Results in pigs suggest that potential toxic effects on gestation and lactation in NES cannot be excluded.
Unlike Hg, the Se uptake from the milk appears higher than from the placenta in NES. Indeed, effects of suckling caused a high increase of Se levels in pup blood despite the decreasing Se levels in milk and the potential dilution effect, which is associated to the rapid weight gain of the pup. Other studies also reported a transfer limited through the placenta for this essential element: Se concentration in offspring serum was 55% of the maternal value in humans (Rossipal et al., 2000) and about 45% in pigs (Kim and Mahan, 2001 ). No relationship was found between THg and Se in blood or milk. This indicates that the process of Hg transfer through the placenta or through the milk is not the same and does not display similar kinetics to that of the Se transfer. Only a concomitant increase of THg and Se levels in maternal blood was observed between early and late lactation. The varying molar ratios of Se:THg in blood and milk also revealed the absence of a strong relationship between the two elements. Likewise, Woshner et al. (2008) observed a weak relationship between Hg and Se in the blood of bottlenose dolphins. A strong correlation and equimolar ratio were found especially in the livers of marine mammals when the main form of Hg is inorganic (Cuvin-Aralar and Furness, 1991; Koeman et al., 1973) .
Surprisingly, THg levels were not correlated to dietary indicators (d (Table 4 ), it appears that NES have the highest Se concentrations in their blood, followed by pilot whales (Globicephala melas). Both species are known to eat mainly cephalopods, which might contain high Se levels. Blood Hg concentrations in NES were in the same range of values than other species. However, these comparisons give only a rough idea of Hg accumulation processes in the NES. Indeed, the influence of gestation on Hg and Se levels in adult NES females is still unknown, and physiological status of animals in other studies was seldom available or mentioned.
Conclusions
A transmammary transfer of mercury and selenium was shown in the northern elephant seal. This study also suggests that the maternal transfer of Se is prominent during lactation, whereas the Hg transfer is larger during gestation. Lactation and fasting affect THg and Se levels in the blood and milk of mother seals. Milk consumption and tissue deposition (i.e., growth and development) impact the contaminant dynamics in the pups. Such processes must be considered carefully when interpreting trace element levels in the framework of biomonitoring. According to our knowledge, Hg and Se levels have not been previously determined in this species. Further toxicological studies are needed to understand the impact of these elemental transfers on NES health.
